The contribution of nitric oxide (NO) radicals to the suppression of intracellular replication of Legionella has been well established in rodents but remained questionable in humans. Considering the fact that human monocytes do not exhibit a high-output NO production, we used sensitive methods such as detection of inducible NO synthase (iNOS) mRNA by reverse transcription-PCR and demonstration of iNOS protein expression by means of flow cytometry and Western blot to compare the levels of iNOS induced by Legionella species which, in accordance to their human prevalence, show different multiplication rates within human monocytic cells. The expression of iNOS in Mono Mac 6 (MM6) cells showed an only moderate inverse correlation to the intracellular replication rate of a given Legionella species in the protein expression assays. However, stimulation of host cells with 1,25-dihydroxyvitamin D 3 to enhance NO production and inhibition of NO production by treatment of host cells with N G -methyl-L-arginine were not able to modify the intracellular multiplication of legionellae within MM6 cells. Therefore, NO production does not seem to play a crucial role for the restriction of intracellular replication of Legionella bacteria within human monocytic cells. Rodent models in investigations which are supposed to clarify the involvement of NO radicals in defense mechanisms against Legionella infections in humans are of doubtful significance. ß
Introduction
It is well established that microbial and parasitic pathogens stimulate a high-output pathway of inducible nitric oxide (NO) synthesis in murine macrophages and that this constitutes an important arm of host defense [1] . In contrast, human monocytes and macrophages usually fail to produce NO when stimulated in vitro with agents that induce a strong NO response in murine macrophages such as lipopolysaccharide (LPS) and interferon-Q (IFN-Q) [2] . However, when stimulated by cross-linking of the cell surface receptors CD69 [3] or CD23 [4] , human macrophages are able to release NO. An important question arising from these di¡erences is the potentially di¡erent role of NO in the host defense against intracellular pathogens between humans and rodents and the doubtful signi¢cance of animal models in investigations which are supposed to clarify the defense mechanisms against such infections in humans.
In murine macrophages, NO has been identi¢ed as an e¡ector molecule in killing a range of intracellular pathogens, including Mycobacterium tuberculosis [5, 6] , Francisella tularensis [7] , Brucella suis [8] , Leishmania spp. [9] and Toxoplasma gondii [10] . A critical role of NO in the bactericidal activity against Legionella pneumophila has been shown by using IFN-Q-treated murine macrophages [111 3] , whereas the absence of NO production limited IFN-Qtreated human HL-60 monocytes to bacteriostasis [11] . By using a mouse model, an inverse relationship between endogenous NO production and virulence of a given L. pneumophila strain could be established [14] . In contrast, the e¡ective clearance of avirulent bacteria from the lungs of guinea pigs was mainly due to NO-independent mechanisms, since no NO activity could be detected either ex vivo or in vitro [14] . This means that in susceptible hosts like humans or guinea pigs, the contribution of NO to the eradication of Legionella infections has never been dem-onstrated [11, 14] . By using methods for the detection of inducible NO synthase (iNOS) activity which are more sensitive than the detection of nitrite production by the commonly used Griess reaction, we therefore aimed to investigate whether Legionella species, which, in accordance to their human prevalence, show di¡erent multiplication rates within human monocytic cells [15] , exhibit a di¡erent extent of iNOS induction. In addition, we determined the e¡ect of N G -methyl-L-arginine (L-NMMA), a competitive NO antagonist that serves as an inhibitor of nitric oxide synthase, and the in£uence of host cell stimulation with 1,25-dihydroxyvitamin D 3 (1,25-D 3 ) on intracellular multiplication of legionellae within the human monocytic cell line Mono Mac 6 (MM6).
Materials and methods

Bacteria
Legionella strains used for this investigation are listed in Table 1 .
All strains were grown on BCYEK agar (Oxoid, Wesel, Germany) at 37³C in 5% CO 2 for 5 days.
Cells
MM6 cells were kindly donated by Prof. Dr. H.W.L. Ziegler-Heitbrock (University of Leicester, UK). They were cultured as replicative non-adherent monocytes under LPS-free conditions in 75-cm 3 vented culture £asks (Costar, Cambridge, USA) in 25 ml of RPMI 1640 medium (Gibco, Eggenstein, Germany) supplemented with 10% fetal calf serum (Myoclone super plus; Gibco), 2 mM L-glutamine (Gibco), 1% non-essential amino acids (Gibco) and OPI, containing 150 Wg oxaloacetate, 50 Wg pyruvate and 8.2 Wg of bovine insulin per ml (Sigma, Munich, Germany) (MM6 medium), at 37³C in 5% CO 2 as described by Ziegler-Heitbrock et al. [16] and diluted 1:3 twice a week in fresh medium. The cell culture was checked regularly for sterility (Columbia blood agar, Oxoid, Wesel, Germany) and for Mycoplasma contamination using Mycoplasma plus1 PCR (Stratagene, Heidelberg, Germany).
Intracellular multiplication
Intracellular multiplication within MM6 cells was determined as previously described [15] . Brie£y, 2U10 7 MM6 cells were infected with 2U10 9 legionellae in a volume of 1.5 ml in a well of a six-well tissue culture plate (Greiner, Frickenhausen, Germany) to provide a bacterium to cell ratio of 100:1. After 2 h of coincubation, non-phagocytosed bacteria were killed by the addition of 100 Wg of gentamicin per ml for 1 h at 37³C in 5% CO 2 . After three washes, the cells were distributed in 1-ml aliquots into the wells of a 24-well tissue culture plate (Costar), giving a concentration of 2U10 6 infected MM6 cells per well. The cells were then incubated for 72 h at 37³C in 5% CO 2 and the number of viable legionellae after multiplication in MM6 cells was determined every 24 h by hypotonic disruption of the cells and culture of the £uid on BCYEK agar. Where appropriate, 400 WM L-NMMA, a competitive NO antagonist, or N G -methyl-D-arginine (D-NMMA), an inactive analogue (both compounds from Calbiochem Corp., La Jolla, CA, USA), was added to the culture medium 45 min before infection with L. pneumophila and kept within during the whole course of infection [17] . Stimulation of NO production in MM6 cells was achieved by addition of 20 WM 1,25-D 3 (Sigma, Munich, Germany) to the culture medium 72 h before infection [17] . All experiments were performed at least in triplicate. Growth curves were calculated showing the mean intracellular number of bacteria þ S.D. of three independent experiments.
Analysis of iNOS mRNA expression by reverse transcription-PCR (RT-PCR)
After 2, 6, 12, 24 and 48 h of incubation, total RNA from either infected or non-infected MM6 cells (2U10 6 cells per sample) was extracted by using the RNeasy Minikit (Qiagen, Hilden, Germany) as described by the manufacturer. The RT reaction was performed at 42³C for 15 min with 100 ng total RNA, murine Moloney leukemia virus reverse transcriptase and oligo d(T) 16 using the Gene Amp 0 RNA PCR kit (Perkin-Elmer, Langen, Germany) according to the instructions of the manufacturer. PCR ampli¢cation of cDNA was performed with 10 Wl of -CGG TGC TGT ATT TCC TTA CGA GGC GAA GAA GG-3P and 5P-GGT GCT GCT TGT TAG GAG GTC AAG TAA AGG GC-3P [18] . The amplicon length was 259 bp. Initial denaturation was performed at 94³C for 30 s and ¢nal extension at 72³C for 7 min. The cycling conditions were 94³C for 1 min, 77³C for 1 min, and 68³C for 1 min for 31 cycles with a Gene Amp 0 PCR system 9700 (Perkin-Elmer Biosystems, Langen, Germany). The resulting PCR products were analyzed by electrophoresis on a 2.5% agarose gel, stained with ethidium bromide, and compared to each other by determining the relative optical densities of the photographed iNOS bands with Lumi Analyst Software (Boehringer, Mannheim, Germany). Results were expressed as relative percents of iNOS mRNA expression over control (uninfected MM6 cells). Data were expressed as means þ S.D. of three independent experiments.
Analysis of iNOS protein expression
The expression of iNOS protein was assessed by £ow cytometry using a speci¢c anti-human iNOS monoclonal antibody. MM6 cells were harvested 2, 6, 12 and 24 h after in vitro infection. 1U10 5 MM6 cells were ¢xed, permeabilized (Fix and Perm kit, An der Grub Bioresearch GmbH, Kaumberg, Austria), and then stained using anti-human iNOS mouse IgG 1 monoclonal antibody (Santa Cruz, Heidelberg, Germany) (1 Wg per 10 5 cells) and a FITC-labeled goat anti-mouse IgG as secondary antibody (Dianova, Hamburg, Germany). Isotype control was performed by using unspeci¢c mouse monoclonal IgG 1 (Santa Cruz) instead of primary anti-human iNOS monoclonal antibody. Stained cells were analyzed on a £uorescence-activated cell sorting (FACS) £ow cytometer (FACScan, Becton Dickinson, Heidelberg, Germany) equipped with an argon ion laser and coupled to a microcomputer system (Macintosh Quadra 560) running Cell-Quest1 1.2. software. Fluorescence histograms were generated with exponential ampli¢cation of light from single cells. Results were expressed as % £uorescence-positive cells þ S.D. from three independent infections.
For Western blot analysis, MM6 cells were harvested 24 and 48 h after in vitro infection. Cell pellets were washed with ice-cold phosphate-bu¡ered saline and then solubilized in a lysis bu¡er containing 50 mM Tris^HCl, 300 mM NaCl, 2% desoxycholate, 2% Triton X-100, 0.2% sodium dodecyl sulfate (SDS), 2 mM phenylmethylsulfonyl £uoride, 3 Wg ml 31 leupeptin, and 3 Wg ml 31 aprotinin (all reagents from Sigma). The lysates were clari¢ed by centrifugation (13 000 rpm for 30 min at 4³C) and protein concentration was estimated according to Bradford [19] . Since human iNOS is susceptible to primary structural degradation when boiled in Laemmli's bu¡er [20] , samples were mixed with Roti-load bu¡er (Roth, Karlsruhe, Germany), loaded into the slots of a 8% SDS^polyacrylamide gel without previous boiling and size-separated by electrophoresis (200 V, 45 min). For determination of molecular mass (MW), a MW standard (Gibco) was used. After completion of electrophoresis, proteins were electroblotted (20 V, 1.5 h) to a nitrocellulose membrane (Sigma). Loading and transfer were con¢rmed by appearance of the prestained MW marker on the membrane. Membranes were blocked for 1 h with 5% non-fat dry milk and then stained with anti-human iNOS mouse IgG 1 monoclonal antibody (Transduction Laboratories, Lexington, USA) as primary antibody and horseradish peroxidase-labeled goat anti-mouse IgG as secondary antibody (Transduction Laboratories), diluted 1:10 000 and 1:2000 in 5% non-fat dry milk, respectively. Following extensive washing, the reaction was developed by enhanced chemiluminescent staining using ECL reagents (Amersham Pharmacia Biotech, Buckinghamshire, UK). Blots were evaluated by using Lumi Analyst Software (Becton Dickinson, Heidel- berg, Germany). Results were expressed as relative percents of iNOS protein expression over control (uninfected MM6 cells). Data were expressed as means þ S.D. of three independent experiments.
Results
Intracellular multiplication
The two strains of L. pneumophila serogroup 1 (Philadelphia-1) were able to multiply within MM6 cells, the fresh clinical isolate (CDC 5) showed a slightly higher intracellular multiplication rate than the agar-adapted strain ATCC 33152. The bacteria began to replicate immediately after in vitro infection and the number of intracellular bacteria increased around 2.5 logarithms. The number of intracellular Legionella micdadei declined after phagocytosis (Fig. 1a) . After a delay of 24 h, the number of intracellular Legionella longbeachae increased around more than one logarithm. Legionella gormanii showed a small growth (around 0.3 logarithms) and Legionella steigerwaltii was not able to growt within MM6 cells (Fig.  1b) .
In order to test the hypothesis that NO production is inversely correlated with the ability of Legionella to replicate within human monocytic cells, MM6 cells were cultured in the presence of 1,25-D 3 (which stimulates NO production) or L-NMMA (which inhibits NO production) or D-NMMA (an inactive analogue), respectively. None of these compounds was able to inhibit or to support the intracellular growth of L. pneumophila or L. steigerwaltii within MM6 cells in comparison to the control infections (Fig. 2) .
iNOS mRNA expression in infected MM6 cells
To investigate the putative role of iNOS in the regulation of intracellular Legionella replication within human monocytes, we ¢rst measured iNOS mRNA expression in infected MM6 cells by RT-PCR analysis. Surprisingly, already non-infected MM6 cells showed a moderate iNOS mRNA expression. Two and six hours after infection with all Legionella species, iNOS mRNA expression was comparable with the control (uninfected MM6 cells), with an easy tendency of the L. pneumophila ATCC 33152 strain to inhibit iNOS mRNA expression 2 h after infection. With advancing duration of infection, a slight increase of iNOS mRNA expression was induced by all Legionella species under investigation (Fig. 3) .
Analysis of iNOS protein expression
Since we could not detect any clear change of iNOS mRNA expression after infection of MM6 cells with different Legionella species by the indicated time, we aimed to determine whether expression of iNOS protein shows changes after infection with legionellae. By using £ow cytometry analysis, decreased iNOS protein expression by MM6 cells infected with L. pneumophila, L. micdadei and L. longbeachae could be observed 6 h after infection, whereas L. gormanii and L. steigerwaltii were not able to reduce the iNOS protein expression. This e¡ect was abrogated after 12 h and reappeared 24 h after infection. By that time, all Legionella species under investigation were able to inhibit iNOS protein expression (Fig. 4) . Taken together, expression of iNOS protein as determined by FACS showed a biphasic course with reduced expression 6 and 24 h after infection. On the occasion of the later time, replicative as well as non-replicative species induced a decrease of iNOS protein expression.
Immunoblot analysis of MM6 extracts to analyze iNOS protein expression was performed 24 and 48 h after in vitro infection with di¡erent Legionella species. After 24 h, a marginal inverse correlation of multiplication rate and iNOS expression could be demonstrated. This e¡ect was more pronounced 48 h after infection. At this time, the two L. pneumophila strains showed a strong inhibition of iNOS expression whereas L. micdadei, L. longbeachae, L. gormanii and L. steigerwaltii were not able to inhibit iNOS protein expression in comparison to the control (Fig. 5) . 
Discussion
Important species di¡erences have been discovered for iNOS expression between murine macrophages and human monocytes/macrophages. Rodent macrophages respond vigorously to stimulation with IFN-Q plus LPS and generation of NO seems to contribute to the host defense against a variety of intracellular pathogens. Although human monocytes can be induced to express iNOS mRNA after stimulation with this combination of products, they usually fail to elicit any production of nitrogen derivatives [21] , presumably due to an evolutionary pressure for restricted NO expression in human macrophages [2, 22] . Whereas numerous reports have shown the contribution of NO to the host defense against several intracellular pathogens in rodents, only a minority of investigations have been performed with human blood monocytes or human monocytic cell lines. Human monocytes have been shown to induce NO production in response to infection with Mycobacterium [23^25], Leishmania [26] and Trypanosoma [27] . In most of these cases, NO production correlated with diminished intracellular survival of microbes. On the other hand, it has recently been shown that the killing of Salmonella by U937 cells is NOindependent [28] . The contribution of NO radicals to the suppression of intracellular replication of Legionella has been well established in rodents [11^14,29] , but only one report has documented that NO radicals appear to have no detectable role in altering the intracellular fate of L. pneumophila in the human monocytic cell line HL-60, in vitro, over a 72-h period [11] . In this report, nitrite was measured in HL-60 supernatants by means of the relatively insensitive Griess reaction, which may be suitable for detection of high amounts of NO in supernatants of rodent macrophages but not for human monocytes. The authors concluded that the absence of any detectable NO production in HL-60 cell cultures after in vitro infection with L. pneumophila may account for their lack of bactericidal activity against these intracellular bacteria. Considering the fact that human monocytes do not exhibit a high-output NO production, we used sensitive methods such as the detection of iNOS mRNA by RT-PCR and the demonstration of iNOS protein expression by means of £ow cytometry and Western blot analysis to compare the levels of iNOS induced by Legionella species which, in accordance to their human prevalence, show di¡erent multiplication rates within human monocytic cells.
Surprisingly, already uninfected MM6 cells exhibited a constitutively expressed iNOS mRNA. We could exclude that this iNOS mRNA expression was induced by Mycoplasma contamination since the cell culture was regularly checked by Mycoplasma plus1 PCR and was always found to be free of mycoplasmas. By using iNOS mRNA RT-PCR, neither a signi¢cant change of iNOS mRNA expression nor an inverse correlation with the multiplication rate could be observed after infection with Legionella species. Although we frequently determined iNOS mRNA during the course of in vitro infection, we cannot exclude that there was any regulation between the chosen measurement points. We therefore used two di¡er-ent sensitive methods to detect the iNOS protein. By FACS analysis, iNOS protein expression showed a bipha- sic course with reduced expression 6 and 24 h after infection, but an inverse correlation between intracellular multiplication in MM6 cells and iNOS expression could not be observed since L. micdadei was also able to reduce iNOS protein expression but was not replicative within MM6 cells. Considering the connection between epidemiology and iNOS expression, a high correlation was found between frequency of a given Legionella species involved in Legionnaires' disease or Pontiac fever and the ability of this species to suppress iNOS protein expression in MM6 cells. By Western blot analysis, a marginal inverse correlation could also be demonstrated 24 h after infection, but 48 h after infection, only the two L. pneumophila species were able to suppress iNOS protein expression to a remarkable extent. These analyses suggest, at least, a partial involvement of iNOS activation and NO production in the restriction of intracellular multiplication of legionellae within human monocytes. We therefore aimed to enhance the capacity of MM6 cells to produce substantial amounts of NO on infection with legionellae after stimulation with 1,25- Taken together, we could show that iNOS expression in MM6 cells after infection with legionellae shows a moderate inverse correlation to the intracellular replication rate of a given Legionella species. A pivotal role of NO production in the restriction of intracellular replication of Legionella bacteria within human monocytic cells is questionable since neither enhancement of NO production by stimulation of host cells with 1,25-D 3 nor inhibition of NO production by treatment of host cells with L-NMMA was able to modify the intracellular multiplication of legionellae within MM6 cells. Therefore, rodent models in investigations which are supposed to clarify the involvement of NO radicals in defense mechanisms against Legionella infections in humans are of doubtful signi¢cance.
